Alphaviruses mature by budding at cell surfaces. According to a prevailing hypothesis, the viral membrane protein, which is a heterodimeric protein unit, is transported to the plasma membrane (PM), where it awaits binding to the viral nucleocapsid (NC). This hypothesis predicts that the viral membrane protein heterodimers accumulate at the cell surface when expressed in the absence of NCs. We have tested this prediction by analyzing the spike protein expression phenotype of a Semliki Forest virus (SFV) variant which contains a capsid gene deletion. We found that viral membrane protein heterodimers were formed and transported to the cell surface normally. However, instead of accumulating at the PM as expected, the membrane proteins were rapidly degraded. In the case of the El subunit, degradation resulted in the release of a soluble El fragment into the medium. The fact that this pathway of protein degradation is mostly inhibited during wild-type virus infection suggests that viral membrane proteins are very efficiently captured by NCs into budding complexes and that normally no sizeable pool of free membrane protein complexes exists at the PM.
Most if not all enveloped viruses of animal cells mature by budding at cellular membranes. Some viruses, such as influenza virus, vesicular stomatitis virus, and various retroviruses and alphaviruses use the plasma membrane (PM), whereas others, such as coronaviruses and bunyaviruses, prefer intracellular membranes that line the biosynthetic transport route of the infected cell (5, 15, 18) . According to the prevailing hypothesis of virus budding, the site of virus maturation is determined by the localization of spike proteins and the driving force for the budding process by the interaction of the transmembrane spike proteins with the virus core or nucleocapsid (NC) (5, 15, 18) . While there are many experimental results supporting budding site-specific localization phenotypes of virus spike proteins, until recently there has been no direct proof for the core-spike interaction and its role in virus budding (15) . The successful construction of complete and infectious DNA clones of some enveloped DNA and positive-stranded RNA viruses has now made it possible to test this aspect of the budding model. So far, it is clear that hepadnaviruses (hepatitis B virus) and alphaviruses (Semliki Forest virus [SFV] ) conform strictly to the proposed model, whereas retroviruses do not (2, 19) . Expression experiments using env gene deletion variants of various retroviruses show clearly that the gag gene encoding the viral core is sufficient for supporting efficient membrane budding (4, 10, 16) . However, apart from the questions about the budding site and the driving force for virus budding, there are many other aspects of this process that are important and still unresolved, such as the identities of the regions of interaction between the various viral subunits during budding and how the expression of these binding functions is controlled in time and space. We are interested in the budding process of alphaviruses and use SFV as our model. In this investigation, we have studied the importance of the PM pool of viral spike proteins for virus maturation. As SFV budding is driven by spike protein-NC interactions at the cell surface, it is reasonable to believe that spike proteins which have been transported to the cell surface will form a pool of assembly-competent subunits waiting to be recognized by cytoplasmic NCs. The * Corresponding author.
spike protein of SFV is made as a heterodimeric polypeptide complex (p62-El) from a common mRNA which also encodes the capsid (C) protein (7, 20, 21) . The p62-El oligomer is transported to the cell surface, but before arriving at the PM, it matures (by limited proteolysis of p62) into an E2-E1 complex which is used for particle formation (3) . Therefore, one would predict from the SFV budding model described above that expression of spike proteins alone should result in the accumulation of E2-El heterodimers on the cell surface. In this study, we have tested this prediction by analyzing the expression of the spike protein in an SFV variant that lacks the C gene (SFV-spike virus). We find that spike proteins of this variant virus are synthesized normally and transported to the cell surface. However, in the absence of virus budding, the spike protein heterodimers do not accumulate on the PM as expected but are subjected to rapid processing by proteolysis. As this pathway is avoided during wild-type virus budding, it appears that during normal infection there is a very efficient binding of the spike proteins to the NC very soon after they have arrived to the PM or possibly even before this stage.
MATERIALS AND METHODS
Materials. Media and reagents for cell culture were purchased from GIBCO Laboratories Life Technologies Ltd., Paisley, Scotland. The monoclonal antibodies against p62/E2 (UM 5.1) and El (UM 8.139) were used as ascites fluid preparations and have been described previously (1, 20 (20) . Preparation of recombinant SFV-TR has been described elsewhere (11) . BHK-21 cells were grown in BHK medium supplemented with 5% fetal calf serum, 10% tryptose phosphate broth, 2 mM glutamine, and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES).
DNA constructs. Deletion of the C gene from the 5' region of the SFV structural gene has been described previously (6, 19) . This process involved synthesis of a gene which encompasses, from 5' to 3', an EcoRI site, the C protein initiator codon together with upstream flanking sequences, and the coding sequence for the first 40 codons of the p62 gene, including the XhoI site. This DNA fragment was isolated from plasmid p62 dhfr and used to replace the 5' part of the structural gene region within the EcoRI(7391)-XhoI(8338) fragment of pSP6-SFV4 (6). The latter plasmid represents an SP6-based transcription plasmid that harbors the full-length cDNA copy of the SFV genome (11) . The new plasmid, pSP6-SFV-spike, can be used for in vitro transcription of SFV-spike RNA. This RNA is replication competent when introduced into the cell cytoplasm and produces a truncated subgenome that is translated into a membrane polyprotein sequence without a preceding C protein sequence as occurs normally in the case of the wild-type 26S subgenomic mRNA (19) . The DNA subcloning steps were done according to standard techniques (13) .
Preparation of SFV-spike virus stock. For RNA transcription, 5 p,g of pSP6-SFV-spike DNA was used in 50-,u reactions as described previously (11 8 .8], 10 mg of methionine per ml, 4% SDS) for various times. The preliminary surface labeling tests showed that efficient labeling required the use of 1 mg of biotin reagent per ml in a 30-min incubation at 4°C, that efficient capturing of biotinylated proteins needed one incubation with 40 ,ul of 50% streptavidin-agarose slurry for more than 2 h, and that optimal elution from the latter was obtained during a 10-min incubation with SDS-PAGE sample buffer at 95°C. However, these conditions were optimal only for labeling of the E2 subunit of the virus spike; the El subunit was very inefficiently labeled by the biotinylation reagent.
For labeling of viral proteins on the cell surface after pulse-labeling, the cells were first washed twice with PBS+ and then incubated with a biotin reagent as described above. The reaction was blocked by two washes in 50 mM NH4C1 in PBS+ and then washed once in PBS+. Cells were lysed as when processed for immunoprecipitation. However, for capturing biotin-labeled proteins, streptavidin-agarose was used as described above.
Internalization assays. To measure internalization of E2 subunits, the uptake of pulse-labeled E2 subunits from the cell surface was monitored after different times of incubation at 37°C. SFV-spike virus-infected cells in several parallel dishes were pulse-labeled for 20 min and chased for 60 min.
[35S]methionine-labeled viral proteins which had reached the cell surface were then reacted with the biotin reagent at 4°C as described above. After termination of the biotinylation reaction, cell surface proteins were allowed to internalize by incubation for different times at 37°C after the addition of 2 ml of prewarmed EMEM. Remaining viral spike proteins on the cell surface were removed by digestion with proteinase K (1 mg/ml in PBS+) for 1 h on ice. Proteinase K was inhibited by addition of PMSF (0.5 mg/ml), and cells were processed for streptavidin-agarose precipitation. In these internalization experiments, the human transferrin receptor (hTR) molecule was used as a control. hTR was expressed in BHK-21 cells by using the pSFVl-TR-derived recombinant virus SFV-TR (11) and was labeled with the biotin reagent NHS-SS-biotin instead of NHS-LC-biotin, which was used for the spike proteins. For removal of biotin-labeled hTR remaining on the cell surface after 37°C incubations, we used trypsin digestion (0.5 mg/ml in PBS+) for 1 h on ice. Trypsin was inactivated by addition of soybean trypsin inhibitor (1 mg/ml). Labeled hTR was released from the streptavidinagarose by heating to 95°C for 10 min in SDS-PAGE sample buffer containing 50 mM dithiothreitol, then a 1/10 volume of 1 M iodoacetamide was added, and samples were analyzed by electrophoresis.
Other methods. SDS-polyacrylamide gels composed of a 10% separating gel and a 5% stacking gel were prepared and processed for autoradiography as described previously (12) . Radioactivity in protein bands in the gel was quantitated as described elsewhere (20) . All values obtained were normalized to the methionine content of the respective polypeptide chain (7). For trichloroacetic acid (TCA) precipitation, the culture fluid with viruses or viral membrane protein fragments was precipitated with 10% TCA and kept on ice for 1 h. Samples were subjected to centrifugation (14,000 rpm) for 15 min at 4°C. Pellets were dissolved in SDS-PAGE sample buffer by sonication for 5 min and heating at95°C for 5 min. normally translated after the C-coding region from the 26S mRNA (7). After synthesis, the C chain is released from the nascent chain by autoproteolysis. This process reveals the N terminus of the p62 chain, which acts as a signal sequence and directs the ribosome to the endoplasmic reticulum membrane for synthesis of the SFV spike proteins. In the SFV-spike virus construction, the preceding C-gene region was deleted, and we wished to determine whether this deletion would have any effect on the synthesis and maturation of the SFV spike proteins. To this end, we used pSP6-SFV-spike DNA for the production of an SFV-spike virus stock preparation, which was then used to infect BHK-21 cells. Protein synthesis was analyzed by pulselabeling with [35S]methionine. Figure lb shows the spike proteins immunoprecipitated from cell lysates that had been chased for different times. El and p62 polypeptides were produced efficiently from the SFV-spike genome, and p62 was also efficiently cleaved to E2. Figure la shows results for the wild-type virus control. In Fig. lc , the p62 cleavage efficiencies of SFV-spike virus and the wild-type virus appear to be identical. The migration rate of El from the SFV-spike construct decreased slightly at later chase times in an SDS-polyacrylamide gel (Fig. lb) ; this is typical for the El of wild-type SFV and has been shown to result from processing of its sugar unit when routed through the Golgi complex (8) . In another experiment, p62 and El from both SFV-spike virus-and wild-type virus-infected cell samples were analyzed next to each other in SDS-polyacrylamide gels and shown to have the same mobility (data not shown). Therefore, we conclude that the spike proteins p62 and El were correctly produced from the SFV-spike construct. However, it should be noted that the overall level of spike protein synthesis in SFV-spike virus-infected cells never reached that produced during wild-type virus infection. This level was about one-third of that of the wild-type when 50 infectious units per cell was used. The reason for this finding is unclear. Another interesting feature of the SFV-spike virus infection is that newly synthesized spike protein sub- (Fig. 2a to c) . At longer chase time points, less E2 than El was precipitated, primarily because of the preferential loss of the E2 subunit from these cell samples (Fig. lb) .
If one calculates the proportion of total p62 and E2 which coprecipitated with El, then the decrease in coprecipitating E2 material is less evident (Fig. 2d) complexes as efficiently as did those of the wild-type virus suggested that SFV-spike virus-derived complexes also reached the cell surface with wild-type efficiency and kinetics. To confirm this conclusion, biotin-streptavidin was used to precipitate pulse-labeled viral spike proteins expressed at the surface of SFV-spike virus-and wild-type virus-infected cells. Biotin labeling conditions were optimized with [35S] labeled SFV as described in Materials and Methods. Under these conditions, E2 subunits were quantitatively recovered from solubilized SFV. It should be noted that biotinylation of El was very inefficient, and hence this protein could not be quantitated by this assay. To monitor transport of newly synthesized spike proteins to the cell surface in both SFVspike virus-and wild-type virus-infected cells, BHK-21 cell monolayers were infected in parallel, labeled, and chased for various times before biotinylation at 4°C for 30 min. Cell samples were solubilized with NP-40 lysis buffer, and biotinlabeled virus proteins were precipitated with streptavidinagarose. Figures 3a and b show SDS-PAGE analyses of precipitated material; Fig. 3c shows the quantity of E2 subunits on the cell surface. It was evident that in both SFV-spike virus-and wild-type virus-infected cells, E2 subunits appeared at the cell surface after a 30-min chase. Maximal appearance (40% of total cell-associated E2 in wild-type virus and 30% in SFV-spike virus) was reached at 60 min of chase. With longer chase times, the amount of E2 expressed on the cell surface decreased. This decrease was much faster for SFV-spike virus-infected cells than for wild-type virus-infected cells. We conclude that the heterodimeric spike complex of SFV-spike virus-infected cells was transported to the cell surface with normal kinetics and almost normal efficiency. However, E2 appeared to be removed from the cell surface soon after its arrival (tl,2 of about 60 min).
Release of spike protein fragments from the cell surface into medium. Analysis of the amount of viral proteins in wildtype virus-infected cells and media showed that the decrease in E2 and El in cell lysates with time correlated well with the release of spikes into media (quantitation not shown). As demonstrated in Fig. 4a , spike proteins are initially released at 30 min of chase. The amount of pulse-labeled spike proteins in the medium increased rapidly during the following 30 min, corresponding to about 20% of total labeled El and E2. During this time, most of the labeled spikes arrive at the PM (Fig. 3) . The release of E2 and El continued linearly up to the last chase time point determined (180 min). By 3 h of chase, 50% of total labeled spike proteins were found in the medium. SDS-PAGE analyses shown in Fig. 4a represent total viral protein precipitated from cell culture media by TCA. When a monoclonal antibody against E2 (or El) was used to immunoprecipitate protein from media (in the absence of detergent), it was evident that the large majority of spike protein was present in virion particles because the precipitate included all of the released C protein (Fig. 5) . However, a small fraction of labeled proteins remained in the supernatant fluid after precipitation with the anti-E2 monoclonal antibody. This protein migrated slightly faster than the El subunit when subjected to SDS-PAGE. It was identified as a soluble El fragment by using an anti-El monoclonal antibody (Fig. 5) and Triton X-114 cloud point precipitation analyses (not shown). In Fig. 4c , the release of soluble El fragment is quantified. About 5% of labeled El was released in this form from wild-type virus-infected cells during a 180-min chase. In contrast, the El fragment was much more abundant in cell culture media of SFV-spike virus-infected cells, in which no budding takes place (Fig. 4b  and c) . Release of the El fragment corresponded with arrival of the spike subunits at the PM. At 180 min of chase, about 30% of total labeled El was found in the fragment form in culture media from SFV-spike virus-infected cells. We conclude that during infection with wild-type virus, a small fraction of El subunits was released as soluble El fragments. However, when spike proteins were expressed in the absence of NCs, El was not removed by virus budding, resulting in cleavage of El and its release from the cell surface. The amount of El which was released as soluble fragments correlated roughly to the decrease in cell-associated El in SFV-spike virus-infected and chased cell samples (Fig. lb) . The actual cleavage event was probably taking place at the cell surface, as no El fragment was found to be cell associated in the pulse-chase experiments.
Fate of the E2 subunit. To monitor the fate of E2 expressed from SFV-spike virus, we examined cell culture media for the presence of E2 fragments, using the anti-E2 monoclonal antibody. However, no E2 fragments were precipitated with this antibody. Therefore, we analyzed the possibility that E2 was routed to the endocytosis pathway which would lead to its degradation. For this purpose, several dishes of 35S-labeled SFV-spike virus-infected cells were labeled with biotin on ice. To determine whether the surface-labeled E2 was taken up by endocytosis, cell monolayers were warmed to 37°C and incubated for different times. E2 remaining at the PM was removed by digestion with proteinase K, and internalized material was quantified by streptavidin-agarose precipitation (Fig. 6b and c) . There was very inefficient uptake of E2 from the cell surface, as proteinase K removed most of the biotin-labeled E2 on the cell surface in all samples. In contrast, the control (hTR) underwent very rapid and efficient endocytosis, as expected ( Fig. 6a and c) . We conclude that E2 was not taken up by rapid endocytosis as was hTR. One possibility is that it was cleaved into several fragments which were released into the medium but could not be detected by our immunoprecipitation and SDS-PAGE assays.
DISCUSSION
In this study, we have shown that when spike protein heterodimers were expressed in the absence of C proteins, the heterodimers reached the cell surface in a form which was unstable and was subjected to rapid removal through proteolysis. The El subunit was released into the medium as a soluble fragment. (19) . In these experiments, efficient complementation took place and virus particle formation was regenerated to about 28% of the level of wild-type virus. Therefore, we are confident that the spike protein complex produced from the SFV-spike construct corresponded to that of the wild type.
It appears from these results that during wild-type virus infection, the majority of viral spike proteins were prevented from entering the degradative pathway by their interaction with the viral NCs. (17) . However, it is also possible that the answer is more complicated, perhaps involving colocalization of NCs into some specific regions on the cell surface where spike proteins first appear.
